

















    The constants of Nature, the mysterious set of pure numbers that define the fabric of the physical universe, are paradoxical in many ways. They combine our greatest experimental accuracy in the quest to determine their values to ever greater places of decimals, with our greatest theoretical ignorance. No one has ever successfully predicted or explained the numerical value of any dimensionless constant of Nature. Einstein believed their values would be uniquely and completely determined by the one and only possible theory of everything -- the unified field theory that he spent his later years searching for. A lot of his private scientific correspondence was focussed on clarifying the status of different types of 'constant' quantity that appear in the laws of physics. 
   When I began thinking about constants of Nature in physics and cosmology in the mid 1980s, Einstein's view that the constants were rigidly determined, like a triangular strut with no scope for small movement to another position. The alternative view, then unpopular, is that they exhibit just one of many allowed possibilities, like a rectangular strut that can be deformed into countless neighbouring parallelograms.
    This second view has become increasingly the expectation of many high-energy physicists. We now see that many of the quantities we call constants of Nature do not have their values uniquely programmed into the beginning of the universe like the laws of Nature, but arise by random symmetry breakings. They will only exhibit a unique set of values if the quantum vacuum state of the universe is unique. If it is non-unique then there will be many sets of possible values, each consistent with the underlying laws. String theory advertises the number of vacuum state to be in excess of 10500.
     Moreover, high-energy physics theories demand the presence of extra dimensions of space in order to reconcile their desire for finiteness with the low-energy world of physics we see around us. These has two implications for constants. First, the true constants of Nature are not necessarily those we see in the three-dimensional space we inhabit; second, if the mean sizes of the 'extra' dimensions change in space or time then many of our three-dimensional gauge coupling constants will be seen to change at the same rate.
    Thus the scene is set to take seriously theories that self-consistently describe varying 'constants' and devise new observational searches to seek out or constrain their possible variations.  In 1998, in collaboration with John Webb, we first set out to use the extraordinary precision of detectors on new telescopes to greatly improve the limits on the possible variations of the fine structure constant, , and other atomic constants far beyond what was possible in the laboratory.  This programme has continued until the present, most recently finding the four highest redshift determinations of  , for absorption systems along the line of sight to the quasar J1120+0641 located at z = 7.085, 6.171, 5.951 and 5.507 -- that is, 13 billion years ago. The results for the relative shift in  between redshift z and now (z = 0) made with X-Shooter spectrograph on the ESO's Very Large Telescope are: 
/ = [(z) - (0)]/(0) = (-2.18  7.27) x 10-5.
    This forms the latest part of a long-running quest to determine if persistent indications of a small variation in  are real. In 2013, I introduced a new way of testing constants by using metal and molecular lines in the atmospheres of white dwarf stars in the Galaxy. As we have often found we need better high-precision laboratory determinations of the lines of interest, usually highly ionised in the far UV, in order to exploit fully the precision of the HST observations we have made.
    In addition to pursuing observational probes of constants, I have also 
developed with Joao Magueijo, Havard Sandvik and my students, self-consistent theories of  variation and of electron mass variation. These theories generalise Maxwell's theory and general relativity and allow us to find the cosmological evolution of the variations. They replace constants by scalar fields, just as Brans-Dicke theory describes varying G. Previously, astronomers were in the habit of just 'writing in' a time variation for a constant in the same equations that hold when it is constant. This is dangerous.
      Finally, just to show that there are still very simple fundamental things to be found, Gary Gibbons and I have conjectured that c4/4G is a maximum force in general relativity. This notion does not exist in Newtonian gravity because point masses attracting under an inverse square law experience arbitrarily large forces. In general relativity, things are different. Two point masses cannot approach arbitrarily closely. When two masses reach their combined Schwarzschild radius, an event horizon forms around them. At that moment the force between them is c4/4G. Cosmologists will also recall that there is a maximum tension for a cosmic string that corresponds to a deficit angle of 2 radians: that maximum tension is c4/4G. There is also a maximum luminosity, c5/4G, that is becoming more familiar thanks to LIGO. Thus one might even seek to characterise general relativity by the existence of a maximum speed, c, and a maximum force. An exploration of this idea through more complex situations supports it but we still seek a general proof. The signpost to these results is that there are particular Planck units for physical quantities made from G, c, and h that do not include Planck's constant, h: they are classical. Velocity, force, luminosity and angular momentum to magnetic moment ratio  are all examples of this situation. 
    This situation signals something fundamental about the Planck units that do not involve h. Our results also depend on space dimension, N, because the units of G, although not those of h or c, depend on N. Thus we find that in N dimensions a non-quantum Planck unit is Mass  (Acceleration)N-2, so it is only a force when N = 3. 

 

 




